Background and Purpose-Cerebral arteriolar dilation to N-methyl-D-aspartate (NMDA) is a neuronally mediated process that is sensitive to cerebral ischemia. We tested the hypothesis that pretreatment with transcription or translation inhibitors preserves the vascular response to NMDA after global cerebral ischemia. Methods-Pial arteriolar diameters were measured in anesthetized piglets by use of a closed cranial window and intravital microscopy. Arteriolar responses to NMDA (10 Ϫ5 and 10 Ϫ4 mol/L) were measured before and 1, 2, and 4 hours after 10 minutes of ischemia. Ischemia was induced by increasing intracranial pressure. Subgroups were pretreated with vehicle, topical actinomycin D (Act-D) 10 Ϫ5 or 10 Ϫ6 mol/L, or intravenous cycloheximide (CHX) 1.0 or 0.3 mg/kg 15 minutes before ischemia. The effects of Act-D and CHX on vascular responses to NMDA without preceding ischemia were also examined. Results-In the vehicle group, arteriolar responses to NMDA were clearly attenuated 1 hour after ischemia but returned to baseline at 2 to 4 hours. Preischemic compared with 1 hour postischemic arteriolar dilation to NMDA was 10Ϯ2% versus 1Ϯ0% at 10 Ϫ5 mol/L and 40Ϯ4% versus 20Ϯ4% at 10 Ϫ4 mol/L NMDA (meanϮSEM; both PϽ0.05, nϭ7). In contrast, pretreatment with Act-D resulted in preservation of the arteriolar responses to NMDA 1 hour after ischemia. For 10 Ϫ6 mol/L (nϭ5) of Act-D, dilations were 6Ϯ2% versus 6Ϯ2% at 10 Ϫ5 mol/L and 51Ϯ9% versus 39Ϯ10% at 10
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Materials and Methods

Surgical Preparation
Experiments were performed on newborn pigs (1 to 7 days old) of either sex weighing 1 to 2 kg. The procedures used in the study were approved by the Institutional Animal Care and Use Committee. The piglets were initially anesthetized with sodium thiopental 30 mg/kg IP and later with ␣-chloralose 75 mg/kg IV. Additional amounts of ␣-chloralose were given as needed to maintain a stable level of anesthesia. The piglets were intubated and artificially ventilated. A femoral artery and vein were cannulated with polyethylene tubing (PE-90). Arterial blood gases and pH were measured repeatedly, and rectal temperature was continually monitored. Rectal temperature was kept within the range of 37°C to 38°C. The head of each piglet was fixed in a stereotactic apparatus. Approximately 3 mL of cerebrospinal fluid (CSF) was withdrawn from the cisterna magna. The scalp was cut, and the connective tissue over the parietal bone was removed. A circular craniectomy (19 mm in diameter) was made in the left parietal bone. The dura was cut and reflected over the skull. A stainless steel and glass cranial window with 3 ports was put into the opening, sealed with bone wax, and cemented with cyanoacrylate ester and dental acrylic. The closed window was filled with artificial cerebrospinal fluid (aCSF) that was warmed to 37°C and equilibrated with 6% O 2 , 6.5% CO 2 , and the balance N 2 . Arterioles were observed with a microscope (Wild M36) equipped with a television camera (Panasonic), and arteriolar diameter was measured with a video microscaler (IV-550, For-A Co).
Cerebral Ischemia
A 3-mm hole was drilled in the skull with an electric drill with a toothless bit, and the dura was exposed. A hollow brass bolt was inserted into the left parietal cranium rostral to the cranial window and secured in place with cyanoacrylate ester and dental acrylic. Cerebral ischemia was produced by infusion of aCSF to maintain intracranial pressure above mean arterial pressure so that blood flow through pial vessels was stopped. Venous blood was withdrawn as necessary to maintain mean arterial pressure near normal values. At the end of the 10-minute period of ischemia, the infusion tube was clamped and the intracranial pressure was allowed to return to preischemic values. The heparinized blood was reinfused intravenously.
Experimental Design
At the beginning of each experiment, the cranial window was flushed several times with aCSF to allow equilibration with the periarachnoid CSF. A cerebral arteriole of Ϸ100-m diameter was chosen. When baseline arteriolar diameter was stable, arteriolar responses to NMDA 10 Ϫ5 and 10 Ϫ4 mol/L were determined. Each dose of NMDA was introduced into the window, the infusion was stopped, and arteriolar diameter was recorded over the next 5 to 10 minutes. Afterward, the window was flushed with aCSF. The arteriolar diameter returned to baseline within 15 to 20 minutes.
Animals were divided into 5 experimental groups. In group 1 (nϭ7), arteriolar responses to NMDA were recorded before (see above) and 1, 2, and 4 hours after 10 minutes of global cerebral ischemia. In addition to this protocol, groups 2 and 3 were pretreated 15 minutes before ischemia with a topical infusion of Act-D 10 Ϫ5 mol/L (group 2, nϭ5) or 10 Ϫ6 mol/L (group 3, nϭ5) diluted in aCSF into the window. Groups 4 and 5 were pretreated with intravenous CHX 1 mg/kg (nϭ5) and 0.3 mg/kg (nϭ5), respectively. Act-D was applied topically because, in contrast to CHX, it does not cross the blood-brain barrier. Doses of drugs that had been shown by other investigators to be efficacious (see References 14 and 15) were chosen. The window was flushed with aCSF just before the beginning of ischemia. In additional experiments, the cerebral arteriolar responses to NMDA before and 1 hour after 15 minutes of topical application of Act-D 10 Ϫ5 mol/L (nϭ6) or intravenous administration of CHX 1 mg/kg (nϭ6) were determined.
Drugs
We used NMDA (Sigma Chemical Co), Act-D (Calbiochem), and CHX (Sigma).
Statistics
Data are expressed as meanϮSEM. A paired t test was used for comparing data between 2 groups. For repeated-measures analysis, ANOVA was used, and the Student-Newman-Keuls test was then performed. Data analyses were performed on absolute and percentage change data. A value of PϽ0.05 was regarded as statistically significant.
Results
Before and after ischemia, mean arterial blood pressure was stable and within normal limits for piglets. For example, in group 1 (control), arterial blood pressure was 60Ϯ3 mm Hg before ischemia and 61Ϯ3 mm Hg 1 hour after ischemia. Arterial blood pressure was not affected by the topical application of Act-D; intravenous administration of the high dose of CHX led to a brief, transient (1 to 2 minutes) increase of blood pressure (Ͻ20 mm Hg) in some but not all animals.
Arterial blood gases and pH were monitored regularly during the experiments. In the control group (nϭ7), baseline pH was 7.49Ϯ0.02, PCO 2 was 25Ϯ2 mm Hg, and PO 2 was 96Ϯ5 mm Hg. One hour after ischemia, pH was 7.41Ϯ0.02, PCO 2 was 24Ϯ2 mm Hg, and PO 2 was 94Ϯ4 mm Hg. Blood gases and pH did not differ significantly among groups.
Application of NMDA before hypoxia/ischemia caused a dose-dependent cerebral arteriolar dilation (Table, Figure 1 ). One hour after ischemia, however, arteriolar responses to NMDA were markedly reduced (Table, Figure 1, PϽ0.05) . Vascular responsiveness to NMDA returned toward baseline 2 to 4 hours after ischemia (Table, Figure 1) .
Pretreatment with Act-D resulted in completely (10 Ϫ5 mol/L) or largely (10 Ϫ6 mol/L) preserved arteriolar responses to the different concentrations of NMDA 1 hour after ischemia (Table, Figure 1, all PϾ0.05) . Similarly, administration of CHX preserved the NMDA-induced vasodilation at 1 hour in a dose-dependent fashion (Table, Figure 2) .
In experiments without ischemia, arteriolar dilation to NMDA before and 1 hour after Act-D 10 Ϫ5 mol/L and CHX 1.0 mg/kg was very similar. Arteriolar dilation before and after Act-D was 7Ϯ3% versus 8Ϯ1% at 10 Ϫ5 mol/L and 37Ϯ6% versus 35Ϯ4% at 10 Ϫ4 mol/L NMDA. Vasodilation before and after CHX was 7Ϯ3% versus 5Ϯ2% at 10 Ϫ5 mol/L and 37Ϯ6% versus 30Ϯ1% at 10 Ϫ4 mol/L NMDA (all PϾ0.05).
Discussion
The major new finding from these experiments is that pretreatment with either Act-D or CHX preserves the neuronal vascular response to NMDA early after ischemia. In our additional experiments, neither agent potentiated arteriolar dilation to NMDA under nonischemic circumstances. Thus, inhibition of transcription or translation appears to protect the neuronal-vascular sequence against ischemic stress.
The exact mechanism by which Act-D and CHX preserve the NMDA-induced vasodilation is unclear at this time. Our earlier work suggested that ischemia affects the neuronal Arteriolar Dilation to NMDA Before and After Ischemia 
Values are meanϮSEM. ⌬ Diameter indicates change in diameter of arteriole. *Significantly different from respective preischemic value (PϽ0.05). †Significantly different from respective baseline. steps of the sequence proximal to nitric oxide synthase. 7 In that study, NO synthase (NOS) activity in cerebral cortex as measured by the conversion of L-
14 C]arginine was unaffected by ischemia. 7 Also, levels of brain NOS as determined by Western blotting techniques were not substantially altered by ischemia. Further, kainateinduced arteriolar dilation, which is partially dependent on activation of NOS, is intact after ischemia. 16 Cerebral arteriolar responsiveness to NO donors such as sodium nitroprusside is not affected by ischemia. Indeed, the NMDA receptor complex with its multiple modulatory sites appeared to represent a readily modifiable and potentially vulnerable target for ischemia. 17, 18 Studies in piglets have shown that ischemic and hypoxic exposure can alter NMDA receptor characteristics. 19, 20 Previous experiments also addressed the question of which pathophysiological processes affect the neuronal component of the sequence. Pretreatment with inhibitors of oxygen radical formation such as indomethacin and oxypurinol or with the oxygen radical scavenger superoxide dismutase preserved the NMDA-induced vasodilation after ischemia and hypoxia. 7, 21, 22 Obviously, this suggested a role for free oxygen radicals in the postischemic attenuation of the sequence.
Conceivably, protection of the sequence by Act-D and CHX may be based on decreased formation of free oxygen radicals during ischemia and reperfusion. Cyclooxygenase activity is a major source of free oxygen radicals in piglet brain after ischemia. 23 It catalyzes the synthesis of prostaglandins from arachidonic acid, with superoxide radicals as byproducts of this process. Inhibition of cyclooxygenase by indomethacin preserved the sequence in a previous study. 21 Cyclooxygenase levels are determined by an equilibrium between continuous protein degradation and replenishment. Consequently, blockage of cyclooxygenase production can be expected to diminish cyclooxygenase levels. There is evidence from in vitro studies that this effect may be sufficiently rapid to explain our present observations. Fagan and Goldberg 24 reported that incubation of skeletal muscle fibers with CHX for 10 to 20 minutes largely inhibited prostaglandin production in response to arachidonic acid. Using piglet astroglial culture, Nam et al 25 demonstrated that CHX blocked the increased production of PGF 2␣ induced by interleukin-1␣ as early as 20 minutes after treatment. Thus, rapid inhibition of cyclooxygenase synthesis may account for the protection of the sequence against ischemia-induced radical production. Alternatively, protein synthesis inhibitors may block the production of an unidentified regulatory protein that is rapidly overexpressed after ischemia, or, like hypothermia, may protect the brain by decreasing metabolic rate.
Several other investigators have also studied inhibitors of protein synthesis in experimental cerebral ischemia. Goto et al 26 demonstrated in a global ischemia model that postischemic administration of CHX prevented delayed neuronal death in the hippocampal CA1 sector. In a study by Linnik et al, 27 infusion of CHX into the lateral ventricle reduced infarct size in rats. Similarly, Du et al 28 reported that pretreatment with CHX 1 mg/kg led to a decrease of infarct volume in a rat model of transient focal ischemia as measured 2 weeks after the insult. Aronowski et al 29 found that rats exposed to 2 to 5 hours of reversible focal ischemia had significantly larger infarcts than rats undergoing longer or permanent vessel occlusion. When reperfused animals were pretreated with CHX, however, infarct size was similar to that with permanent occlusion. The authors concluded that a short-lived "noxious/killer protein" produced during the early reperfusion period may be responsible for the additional damage.
The cited studies provide evidence for a protective effect of inhibitors of protein synthesis as measured by long-term parameters (ie, extent of histological damage). In contrast, the integrity of the NMDA-induced cerebral arteriolar dilation in our paradigm may serve as an indicator of early postischemic neuronal function. It is currently unclear whether the attenuation of the NMDA-induced vasodilation reflects an early stage of (permanent) neuronal damage and whether transient uncoupling of flow and metabolism aggravates ischemic brain damage. Specifically, we do not know how the findings in the present study relate to protective effects of protein synthesis inhibition in the longer term.
Our present findings may have clinical implications for acute global and focal cerebral ischemia. They indicate that de novo gene expression and protein synthesis have a profound and surprisingly rapid impact on neurons early after ischemia. Although we could not assess potential long-term or systemic adverse effects in our experimental model, transient inhibition of protein synthesis appeared to protect the function of neurons involved in the NMDA-induced neuronal vascular sequence. Whether this is due to inhibition of production of specific proteins such as cyclooxygenase or a less specific consequence of suppressed protein synthesis is currently unknown.
In summary, we have shown that pretreatment with the mRNA transcription inhibitor Act-D or the translation inhibitor CHX preserves the NMDA-induced neuronal-vascular coupling early after ischemia. These findings suggest that continued or augmented protein synthesis is involved in the transient attenuation of NMDA-induced vasodilation.
